Abstract-Highly X-axis-oriented tantalum pentoxide (Ta 2 O 5 ) piezoelectric thin films were deposited on a SiO 2 substrate using an RF-magnetron sputtering system with a metal tantalum target and an O 2 -radical source. The degree of orientation and the Rayleigh-type surface acoustic wave properties were evaluated. When the SiO 2 substrate temperature was 700°C and the O 2 flow rate was 10 ccm, the coupling factor K 2 of the oriented Ta 2 O 5 thin film with a normalized thickness h/λ of 0.21 was measured to be 0.88% and was about 3/4 of that for the previously obtained thin film using a DC-diode sputtering system. In the deposition on Si(100), a higher orientation was observed. Moreover, for the 1st mode of the Rayleigh-type SAW on the Ta 2 O 5 /MgO(100), the K 2 of 1.42% and the phase velocity of 5,126 m/s were obtained for the normalized thickness h/λ of 0.225.
INTRODUCTION
For the development of high-performance piezoelectric devices, such as surface acoustic wave (SAW) and film bulk acoustic resonator (FBAR) devices, piezoelectric thin films with high coupling, high stability, low loss, and high frequency are required.
An X-axis-oriented tantalum pentoxide (Ta 2 O 5 ) piezoelectric thin film is a relatively new material and has a strong piezoelectric property similar to that of ZnO thin films and a high dielectric constant [1] - [6] . The first deposition of an X-axis-oriented Ta 2 O 5 piezoelectric thin film was carried out by Nakagawa, one of the authors, using a DC-diode sputtering method with a metal tantalum target on fused quartz, and the material constants, such as the piezoelectric and elastic constants, were measured from the Rayleigh-type SAW properties [1] - [3] . This oriented thin film deposited by DCdiode sputtering exhibited the strongest piezoelectric property among oriented Ta 2 O 5 thin films reported in previous studies. The authors reported that an oriented Ta 2 O 5 thin film deposited by RF sputtering on an X-cut LiTaO 3 substrate was crystallized using a linear rapid thermal annealing method and that the Ta 2 O 5 single-crystal thin film has a large birefringence in its refractive index and a large photoelastic constant [5] [6]. Wu and Houng reported the successful deposition of an oriented Ta 2 O 5 thin film at a low substrate temperature of 400˚C using an RF-magnetron sputtering process with a sintered Ta 2 O 5 target, and the measurement of the major resonant frequency of 4.8 GHz was demonstrated for the Al/Ta 2 O 5 /Al/Si structure [7] . For the applications of oriented or crystallized Ta 2 O 5 thin films to SAW and FBAR devices, further investigation on the preparation conditions is needed to improve the thin-film properties.
On the other hand, the authors also reported that, in the deposition of potassium niobate (KNbO 3 ) thin films using an RF-magnetron sputtering system with a long-throw sputter (LTS) cathode and an O 2 -radical source, strong (110) orientation and a smooth surface were obtained [8] .
In this paper, X-axis-oriented Ta 2 O 5 thin films were deposited on a SiO 2 substrate using an RF-magnetron sputtering system with a metal tantalum target and an O 2 -radical source. The degree of orientation and the electromechanical coupling factor (K 2 ) for the Rayleigh-type SAW were evaluated. In addition, the Ta 2 O 5 thin films were deposited on Si and MgO substrates. These structures can be expected to be used for an FBAR device and to have a higher phase velocity, respectively.
II. SPUTTERING PARAMETERS OF TA 2 O 5 THIN FILM Figure 1 shows the configuration of the RF-magnetron sputtering system with LTS cathodes and an O 2 -radical source used for the deposition of the Ta 2 O 5 thin film.
The sputtering parameters are shown in Table I . A metal tantalum target with 50 mm diameter was used and the distance between the target and the substrate was 100 mm. The substrate temperature T S was varied from 600˚C to 750˚C. Deposition rate (μm/h) 0.50~1.29 Figure 2 . Sample structure used for measuremant of SAW properties.
The RF power applied to the cathode and the radical source was 150 W. The Ar atmosphere gas flow rates for the two cathodes with/without the target were 30 and 3 ccm, respectively, and the flow rate of the O 2 -radical source was varied from 6 to 10 ccm, while the atmosphere gas pressure was fixed to 0.75 Pa. The deposition time was 5 h and the deposition rate ranged from 0.50 to 1.29 μm/h. Table  II . Those film thicknesses h, the normalized thicknesses h/λ by the SAW wavelength λ of 20 μm, and the measured coupling factor K 2 described later are also shown in the table.
The investigated deposition conditions are shown in

III. DEPOSITION ON SIO 2 SUBSTRATE
To clarify the deposition condition necessary for obtaining a strongly piezoelectric property, the X-axis-oriented Ta 2 O 5 thin films were deposited on a SiO 2 substrate and evaluated.
A. Orientation and Coupling Factor
The degree of orientation was evaluated from X-ray diffraction (XRD) patterns using a Cu-Kα X-ray source. To evaluate the SAW properties, interdigital transducers (IDTs) with a period λ of 20 μm and 30 single-finger pairs were fabricated on the deposited film using an Al film, as shown in Fig. 2 . The coupling factor K 2 for the Rayleigh-type SAW was evaluated from the measured admittance property using network analyzer. Figure 3 shows the XRD pattern corresponding to the deposition condition (c) with T S of 700˚C and the O 2 flow rate of 10 ccm shown in Table II . The XRD patterns of (g) Ta 2 O 5 /Si(100) and (h) Ta 2 O 5 /MgO(100) described later are also shown in Fig. 3 . As can be seen from the XRD pattern, the preferential (200) orientation was clearly observed. [9] . It was found that, as the substrate temperature T S is increased from 600˚C to 700˚C, the diffraction angle of the (200) peak shifted from 27.5˚ to 28.3˚, while the K 2 increased from 0.07% to 0.88%. On the other hand, when the O 2 flow rate was varied from 6 to 10 ccm, the major change in the orientation was not observed. The deposition rate decreased as the O 2 flow rate increased.
The measured K 2 corresponding to the above-mentioned deposition conditions are shown in Fig. 5 as a function of the normalized thickness. For a comparison, the reported curve of K 2 using a DC-diode sputtering system [3] are also shown in Fig. 5 . From comparing the reported curve and the measured values, the deposition condition (c) with T S of 700˚C and the O 2 flow rate of 10 ccm was found as the optimum condition in the present situation. The K 2 for the deposition condition (c) was measured to be 0.88% at h/λ=0.21, and was about 3/4 of the reported value. Figure 6 shows the measured frequency response as a parameter of T S . As T S is increased from 600˚C to 700˚C, the minimum insertion loss decreased from 38.8 dB to 23.5 dB. When T S is increased from 700˚C to 750˚C, the insertion loss slightly increased. Table III shows the propagation loss of the Rayleigh-type SAW estimated from the minimum insertion loss, the conversion loss, and the propagation length of 130 λ. The deposition condition with T S of 650˚C showed the minimum value of 0.08 dB/λ.
B. Frequency Response
The phase velocities v were determined from the center frequency f 0 and the relationship of v=f 0 λ. Figure 7 shows the measured phase velocity as a function of the normalized thickness. When the deposition rate was relatively low due to a target consumption, the film thickness was around 0.14 λ for the deposition conditions (e) and (f). As can be seen from Fig.  7 , these measured values of the phase velocity closely fit the reported dispersion curve [3] . Therefore, the elastic constants of the X-axis-oriented Ta 2 O 5 thin films deposited using the RFmagnetron sputtering system are similar to the reported values using the DC-diode sputtering system [3] . Moreover, there is the independency of the elastic constants on the deposition condition.
C. Temperature Coefficient of Delay (TCD)
The frequency shift (Δf/f 0 ) due to the temperature change was measured using samples for deposition conditions (a), (b), and (c). The sample was placed in a thermostatic oven and input and output IDTs were connected in parallel to an attenuator that was adjusted to have almost the same attenuation as the insertion loss of the IDT pair. An interference characteristic with several null frequencies was observed in the frequency domain. The ambient temperature of the sample was changed from 0 to 100°C, and the change in the null frequency nearest the center frequency was measured at 10°C intervals by a network analyzer. Figure 8 shows the measured frequency shift. The experimental values of TCD obtained from the slope at 20°C are also indicated in Fig. 8 . From these experimental results, the normalized thickness required to obtain a zero TCD was predicted to be 0.23 λ. This value is about 2/3 of the reported value [2] [4] . Therefore, the temperature coefficients of the elastic constants of the X-axis-oriented Ta 2 O 5 thin films deposited using the RF-magnetron sputtering system are slightly changed from the reported values using the DC-diode sputtering system [4] . 
D. Surface Morphology
For the low deposition rate due to the target consumption, effects of supplying RF power to the O 2 -radical source were observed. The preferential (200)-axis orientation was markedly enhanced and the surface roughness was reduced. The surface morphology of the deposited thin films with T S of 700˚C was observed by atomic force microscopy (AFM; SII SPA300). As can be seen from these images, a difference in the surface morphology due to the RF power applied to the O 2 -radical source was observed. The root-mean-square roughness R q over a typical 10 x 10 μm 2 region was measured to be 9.8 nm for Fig. 9 (a) and 19.3 nm for Fig. 9(b) .
IV. DEPOSITION ON SI OR MGO SUBSTRATE
The Ta 2 O 5 thin film was deposited on Si(100) or MgO(100) substrate using the optimum deposition condition with T S of 700˚C and the O 2 flow rate of 10 ccm as samples (g) Ta 2 O 5 /Si(100) and (h) Ta 2 O 5 /MgO(100).
Those XRD patterns are shown in Fig. 3 . The full width at half maximum of the peak (FWHM) of the (200) peak of (g) Ta 2 O 5 /Si(100) was less than half of that of (c) Ta 2 O 5 /SiO 2 . However, any effect of the highly orientation to the piezoelectric property is not observed. The deposition rate of (g) Ta 2 O 5 /Si(100) was relatively low because of the target consumption.
For sample (h) Ta 2 O 5 /MgO(100), the K 2 for the 1st mode of the Rayleigh-type SAW was measured to be 1.42% and was 1.6 times larger than that for the 0th mode of sample (c) Ta 2 O 5 /SiO 2 with almost the same film thickness. The measured phase velocities for the 0th and 1st modes were 3,694 and 5,126 m/s, respectively. The latter was about twice of that for the 0th mode of sample (c). V. CONCLUSIONS
In this paper, X-axis-oriented Ta 2 O 5 piezoelectric thin films were deposited using an RF-magnetron sputtering system with a metal tantalum target and an O 2 -radical source. The degree of orientation and K 2 for the Rayleigh-type SAW were evaluated.
When the SiO 2 substrate temperature was 700°C and the O 2 flow rate was 10 ccm, the coupling factor K 2 of the oriented Ta 2 O 5 thin film with a normalized thickness h/λ of 0.21 was measured to be 0.88% and was about 3/4 of that for the reported value. In the deposition on Si(100), the higher orientation was observed. Moreover, for the 1st mode of the Rayleigh-type SAW on the Ta 2 O 5 /MgO(100), the K 2 of 1.42% and the phase velocity of 5,126 m/s were obtained for the normalized thickness h/λ of 0.225.
Further optimization of sputtering conditions will be investigated with the aim of obtaining a stronger piezoelectric property.
